The interest in the field of multiple light scattering in disordered media has gone through an enormous revival after it was recognized that interference effects can be important, even after many scattering events. Several interference phenomena like weak localization [1] and short and long range spatial correlations in intensity fluctuations are the focus of today's research [2] . The phenomenon of weak localization is sometimes seen as a precursor to strong or Anderson localization of light [3] , which would be the light counterpart of Anderson localization of electrons. The approach to a strong localization transition in a medium with strong disorder manifests itself as a reduction of the diffusion coefficient, eventually to zero. Localization in three dimensions of microwaves has been reported [4] . It is still a challenge to find experimental evidence for strong localization of light.
In all multiple scattering phenomena that have been observed so far, recurrent scattering of light waves can be disregarded. Recurrent events are events in which a wave is scattered more than once by the same scatterer. The neglect of recurrent scattering will be referred to as the self-avoiding multiple scattering (SAMS) approximation, and is valid in the weak scattering limit. However, for strong scattering recurrent events can become important. They could play a role in strong localization of light.
In order to find evidence for the existence of recurrent scattering we studied coherent backscattering or weak localization of light. Coherent backscattering manifests itself in the form of an enhancement of the intensity in the back direction for the light scattered from a disordered sample. This enhancement originates from constructive interference between multiply scattered amplitudes and their time reversed counterparts. Moving away from the exact backscattering direction, phase differences develop that average out this interference effect. The result is a "cone" of enhanced backscattering on top of the diffuse background, which has a width of the order of ͑kᐉ͒ 21 where ᐉ is the (transport) mean free path of the light in the medium and k 2p͞l is the magnitude of the wave vector of the light in vacuum [1] .
In the SAMS approximation the enhancement factor in the helicity conserving channel is exactly 2 because every scattered wave has a distinct time reversed counterpart of equal amplitude. (In the polarization conserving channel of linearly polarized light the enhancement factor is somewhat lower because a single scattering contribution is present that does not contribute an interference term.) We have studied the enhancement factor, because in the strong scattering regime the enhancement factor could be influenced by recurrent scattering events.
In this Letter we report on coherent backscattering experiments that show an enhancement factor in the helicity conserving channel of 2.00 6 0.01 for weak scattering. The enhancement factor decreases below 2.00 once the mean free path becomes of the order of one wavelength. We will argue that this is a manifestation of recurrent scattering events. A calculation of the first order density correction on the enhancement factor confirms this interpretation.
An accurate experimental determination of the enhancement factor requires much care. Stray light from surfaces and optical components was carefully eliminated. Where windows were used to index match the sample, these were thick and Ar coated on the front side, as to eliminate backreflections of scattered light onto the sample. After eliminating common experimental artifacts, the (slightly) angular dependent response of the standard setup [2] still can introduce a systematic error in the cone shape. Therefore, we modified it such that the optical components rotate only relative to the reference frame and not relative to each other. In this way a completely flat response over a large scanning range (500 mrad) could be achieved. Circularly polarized light was used, and the helicity conserving channel was detected [5] .
The samples were prepared starting from finely divided TiO 2 , ZnO, or BaSO 4 . The first two were ground as a 0031-9007͞95͞74(21)͞4193(4)$06.00suspension in methanol or chloroform to break possible clusters and were allowed to dry on plastic sheet. Some dry samples had &1% PMMA added to them as a binder. The TiO 2 was also used to form a suspension in 2-methylpentane 2,4-diol or methanol. The interface of some of the dry TiO 2 samples and the TiO 2 suspension was largely index matched using a thick glass window.
As is known from previous experiments and confirmed by our experiments, the angular intensity distribution of both diffuse background and backscattering cone in the helicity conserving channel are very well described by diffusion theory [6] . In the weak scattering limit, the total normalized angular intensity distribution is given by [6] I͑u, kᐉ͒
with ᐉ the (transport) mean free path, k the wave vector of the incident light in vacuum, u the scattering angle, and g c and g ᐉ the bistatic coefficients for cone and diffuse background, respectively. [Note that g c ͑0, kᐉ͒ g ᐉ ͑0͒.] The (weak) angular dependence of the diffuse background is a kinematic factor (light emerging under a larger angle has to cover a larger distance in the sample) and is not a function of kᐉ. The expression for the incoherent background was tested separately by comparing it to the backscattered intensity from a sample with a very long mean free path. Perfect agreement was found.
As we want to study the strong scattering regime, we want to allow for (almost angular independent) beyond SAMS contributions to the intensity. If we make the realistic assumptions that (a) these contributions have the same (kinematic) angular dependence as g ᐉ and (b) the shape of the cone remains the same, we find for I͑u, kᐉ͒ in the strong scattering regime,
where h is the relative contribution of beyond SAMS events. The enhancement factor E may now differ from 2, E͑kᐉ͒ ϵ I͑0, kᐉ͒ 2 2 h͑kᐉ͒. In Fig. 1 two examples of recorded backscattering cones are compared. The broader cone corresponds to the sample with the shortest mean free path. The solid line in Fig. 1 is I͑u͒ from Eq. (1); the dashed line is the corresponding g ᐉ ͑u͒. The data are normalized to g ᐉ ͑0͒. We have calculated the residues by substracting measured and theoretical curves, and found no structural deviation whatsoever. This supports assumptions (a) and (b), and shows that Eq. (1) describes the cone accurately.
If we compare the top of both cones in Fig. 1 , we see that only the enhancement factor of the broader cone is significantly smaller than 2. In Fig. 2 [6] . For the non-index-matched series we must take into account the narrowing of the cone due to internal reflection [8] . From the estimated bulk refractive index (n med ) (TiO 2 : 1.35, BaSO 4 : 1.2, ZnO: 1.2) [9] , the reflectivity R of the sample interface is calculated [8] . From R a narrowing by a factor 0.62 6 0.07 for TiO 2 and 0.76 6 0.10 for BaSO 4 and ZnO is found [8] .
We have plotted the enhancement factor against k med ᐉ, with k med n med k, in Fig. 3 . The enhancement factor is 2.00 6 0.01 for k med ᐉ * 10 and gradually drops below 2.00 for smaller values of k med ᐉ (strong scattering). In the SAMS approximation the enhancement factor in the helicity conserving channel is exactly 2 because first and last scattering will always occur on different scatterers and every event has a time reversed counterpart of equal amplitude. Therefore a deviation from 2 at small kᐉ must arise from other than self-avoiding (i.e., recurrent) scattering events. We propose two new classes of recurrent events that can reduce the enhancement factor at strong scattering. The first we call the class of recurrent "loop" events. These are recurrent multiple scattering events where the scattered wave has a distinct time reversed counterpart, but in which first and last scattering occurs on the same scatterer. The interference contribution of such events has the same angular dependence as their background contribution, and is therefore observed as background. The second we call the class of recurrent "folded" events. These are recurrent multiple scattering events that are identical to their time reversed counterpart. They only contribute to the diffuse background and give no interference term. Both classes influence the enhancement factor.
In the following, we will calculate the first order density correction on the enhancement factor that is due to recurrent scattering between two particles, and show that this correction indeed reduces the enhancement factor. In general, the total backscattered intensity is determined by the total four-point vertex G͑r 1 , r 2 , r 3 , r 4 ͒ being the solution of the Bethe-Salpeter equation [10] . Following Ref. [10] this vertex is written as G R 1 R 1 S. Here R is the reducible vertex which obeys long range diffusion and R is self-consistently obtained from R by time reversing either its bottom or top line. The bistatic coefficients associated with R and R are called g r ͑u͒ and g r ͑u͒. Since R is long range, g r ͑u͒ dephases rapidly at angles u . ͑kᐉ͒ 21 away from backscattering, and the sum of g r ͑u͒ and g r ͑u͒ gives rise to the backscattering cone. Time-reversal symmetry guarantees that g r ͑0͒ g r ͑0͒ (exact backscattering) for the polarization conserving channel [11] yielding an enhancement factor of ex- actly 2. This notion follows from the self-consistent treatment required by time-reversal symmetry. It is not necessary to make the familiar "ladder 1 most-crossed" approximation.
The set of events covered by S is closed under a timereversal operation of either bottom or top line, S S. Furthermore, this set does not contribute to long range diffusion. The bistatic coefficient g s that corresponds to S consists of ordinary single scattering g s 0 and beyond SAMS contributions dg s (g s ϵ g s0 1 dg s ). The events in S are short range on the scale of ᐉ and thus give rise to an (almost) angle independent contribution to the intensity. In that case, the enhancement factor becomes
where the bistatic coefficients are taken at u 0. To arrive at concrete results we will use Rayleigh vector scatterers and evaluate this equation in the helicity conserving ͑11͒ channel. Because in the helicity conserving channel g s 0 0, the enhancement is (to leading order in the density) given by E 2 2 dg s ͞g r ͑0͒, where g r ͑0͒ 1.736 [12] . This means we have to calculate dg s . In lowest order of the density dg s consists of recurrent scattering between only two scatterers [13] . The full scattering amplitude for a system of two Rayleigh point scatterers (1 and 2) separated by r is given by f͑kg, k 0 g 0 ͒ g ? F kk 0 ͑r͒ ? g ‫ء0‬ with [14]
Here, f ϵ ͑k 2 k 0 ͒͞2, b ϵ ͑k 1 k 0 ͒͞2, and t i is the t matrix of particle i [15] . The incoming and outgoing wave vectors and polarization vectors are, respectively, k and k 0 and g and g 0 . The vector Green's function G͑r͒ can be separated into a longitudinal part Q͑r͒ and a transverse part P͑r͒ with P and Q known [14] . For the helicity conserving channel at exact backscattering we put k 2k 0 k b z and g g ‫ء0‬ ͑b x 1 ib y͒͞ p 2. The cross section for recurrent events s s ͑r͒ is found by substracting the (bare) two particle ladder and mostcrossed contributions from the total two particle cross section j f͑kg, 2kg
‫ء‬ ͒j 2 ,
Given a volume V with front surface A, containing N scatterers, the bistatic coefficient dg s can be calculated from s s ͑r͒. In the limit N͞V ! n this yields [14] 
(Note that n 6p͞ᐉ͗jtj 2 ͘.) The particles of our samples are strongly polydisperse so we average t 1 and t 2 independently over a frequency window that is large compared to the width of the resonance. The integral over r was performed numerically. The outcome is plotted in Fig. 3 as a dashed line. We see that the recurrent two particle events indeed manifest themselves as a reduction of the enhancement factor at short mean free paths.
In conclusion, our coherent backscattering experiments show an enhancement factor of 2.00 6 0.01 in the helicity preserving channel for mean free paths much larger than the wavelength, and a decrease below this value for very strong scattering. We have demonstrated that this is a manifestation of recurrent multiple scattering. Future experiments could involve the search for more efficient scatterers to yield samples with smaller kᐉ. This way the strong scattering regime could be explored further.
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